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Resumen 

La trazabilidad individual del ganado vacuno en nuestro país se ha transformado en una 

realidad en los últimos años. Como elemento tecnológico a nivel del ganado se utiliza 

una caravana (Tag) de identificación por radio frecuencia (RFID), pasiva (sin batería 

propia), que contiene en un encapsulado plástico un circuito integrado y una bobina que 

hace de antena. La identificación se realiza por medio de un dispositivo lector que envía 

energía al Tag a través de un acople inductivo con la bobina/antena a una frecuencia 

determinada (134.2 kHz según norma ISO 11784/11785). El Tag una vez energizado 

responde con su código único de identificación mediante el mismo enlace inductivo 

hacia el lector. 

Los Tags de identificación animal son de bajo costo y pueden ser leídos a distancias del 

orden de los 30 cm con un lector portable de uso habitual. El límite en la distancia se 

debe principalmente a que la energía para la operación del Tag es proporcionada por el 

propio lector, quien deberá establecer en bornes de la antena del Tag una señal de al 

menos unos pocos volts para que éste sea capaz de responder correctamente. Como el 

campo electromagnético cercano decae con el cubo de la distancia, rápidamente la 

transferencia de energía se hace impráctica. La distancia de lectura es la principal 

limitante en cuanto a flexibilidad y comodidad de utilización de los dispositivos en la 

práctica. 

Este proyecto tiene como objeto principal el estudio de dispositivos para la 

identificación animal en forma activa: comprende la prueba de concepto, definición de 

estrategia e implementación de bloques de circuitos integrados orientados al diseño de 

Tags similares a los de uso habitual en nuestro país, pero utilizando una batería de bajo 

costo como fuente de energía que permita aumentar el alcance de lectura a por ejemplo 

a unos pocos metros. El reto radica en lograr la mayor distancia de lectura posible pero 

con un muy bajo consumo, de manera de prolongar la operación del Tag por años. 

Como punto de partida se implementó con componentes discretos un prototipo de data 

logger activo capaz de medir la temperatura ambiente y enviar la información al lector 

mediante el mismo protocolo de comunicación de los Tags RFID a 134.2 kHz. La 

recepción se implementó mediante la rectificación y posterior filtrado de la señal 

inducida en la antena a través de un diodo Schottky y un circuito RC. Se lograron 

distancias de lectura similares a lo habitual para una caravana pasiva. La principal 

limitante vino dada por el circuito de recepción, quien no es capaz de determinar la 

presencia del lector cuando la amplitud de la señal inducida cae por debajo del umbral 

del diodo, a medida que la caravana se alejaba del lector. Se puso entonces al 

dispositivo a transmitir constantemente y se vio que la señal era bien recibida por el 

lector a una distancia de 45-50 centímetros. Esto motivó el diseño de un circuito 

integrado con un circuito de recepción más eficiente, capaz de detectar señales de unos 

pocos milivolts o microvolts. 

Se diseñó un circuito integrado incluyendo los principales bloques analógicos para la 

operación de un Tag RFID: un circuito de amplificación de la señal inducida en la 

antena, una etapa de detección de la señal amplificada y una etapa de transmisión 

sencilla para ser manejada por un microcontrolador. Estos bloques junto con la antena y 
unos pocos capacitores y resistencias discretas conformaron un prototipo de Tag RFID 

activo. La atención se focalizó en el diseño del circuito de amplificación y recepción, a 
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partir del cual se logró detectar la presencia de un lector a una distancia aproximada de 

4 metros, con un consumo menor a 5 µA, lo que garantiza una vida útil de la batería 

mayor a 5 años. En cuanto a la transmisión, no se lograron distancias mayores a las 

obtenidas con el prototipo discreto; para ello será necesario un estudio detallado del 

circuito empleado para la transmisión, el cual supera el alcance de este trabajo. Los 

resultados obtenidos abren las puertas para continuar investigando en la línea de la 

identificación RFID de forma activa bajo los estándares ISO actuales. 
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Abstract 

The individual traceability of cattle in Uruguay has become a reality in recent years. 

The technological element for the animal is a radio frequency identification (RFID) 

passive (without battery) ear Tag, which consists on an integrated circuit and a coil 

(antenna) encased in a plastic package. The identification process is done by a reader 

device that sends the energy to the Tag through an inductive coupling with the 

coil/antenna at a certain frequency (134.2 kHz according to ISO 11784/11785 

standards). Once the Tag is energized, it responds with its unique code through the same 

inductive link to the reader. 

Tags for animal identification are inexpensive, and can be read from distances of 

approximately 30 cm with a regular portable reader. The limit on the distance is mainly 

due to the fact that the energy for the Tag to operate is provided by the reader itself, 

which must establish a signal of at least a few volts of amplitude at the antenna to 

guarantee the proper operation. Since the near electromagnetic field decays with the 

cube of the distance, the energy transfer process rapidly becomes unpractical. This is the 

main issue in terms of flexibility and convenience in the use of these devices. 

This project focuses on the study of animal identification devices in an active form: it 

includes the proof of concept, definition of strategy and implementation of integrated 

circuit blocks oriented to the design of Tags similar to those regularly used in our 

country, but incorporating a low-cost battery as the power supply which enables the 

readout from larger distances. The challenge is to achieve the largest possible reading 

distance with a very low current consumption to extend the Tag‟s lifetime to several 

years. 

In a first approach, a prototype of an active temperature data logger was designed with 

discrete of-the-shelve components. It was able to measure the temperature and transmit 

the data to a reader through the same communication protocol of 134.2 kHz RFID Tags. 

The reception was implemented just demodulating the induced signal in the coil/antenna 

with a Schottky diode and an RC circuit. Similar reading distances to the ones obtained 

with a regular passive Tag were achieved. The main limitation was given by the 

reception circuit, which was unable to detect the presence of the reader when the 

amplitude of the induced signal at the antenna was below the diode‟s voltage drop, as 

the distance between the devices increased. On the other hand, the response from the 

prototype was properly received by the reader at a distance of 45-50 centimeters when 

the logger was set to continuously transmit. This is the main reason for the later design 

of an integrated circuit with a more efficient reception circuit, capable of detecting 

signals of a few millivolts or microvolts. 

An integrated circuit including the main analog circuit blocks for an active RFID Tag 

was designed. It consists of a band-pass, high-gain amplifier for the induced signal at 

the antenna, a detection circuit for the amplified signal and a simple transmission circuit 

to be driven by a microcontroller. These blocks in conjunction with the antenna and a 

few discrete capacitors and resistors conformed the prototype of a RFID Tag. This work 

focused in the design of the amplification and reception circuits, from which it was able 

to detect the presence of the reader from approximately 4 meters of distance, with a 
current consumption below 5 µA, to extend the life of a 250 mAh battery for more than 

5 years. Transmission distances were not larger than the ones obtained with the discrete 
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prototype. A deep study of the transmission circuit is necessary to further increase this 

distance; however, this study is not within the scope of this project. The obtained results 

motivate further research in the field of active RFID identification under the ISO 

standards.  
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1. Introduction 

Nowadays, the traceability of food represents a very important issue for the agribusiness 

industry, not only to improve the productivity but also to comply with the increasing 

number of regulations like the EC 178/2002 among others [1][2]. The individual 

traceability of cattle in our country, for example, has become a reality in the last years, 

being Uruguay the first country to mandatory apply it over animals fed by natural 

pastures [3][4][5]. This fact yields an opportunity for the development of new 

technologies with the aim of enhancing the performance of the identification systems. 

In Uruguay, a wide national traceability system has been established for livestock [5], 

and every beef cattle animal in the country is part of it since the end of 2010, each 

carrying a mandatory electronic ear Tag (RFID). Radio Frequency IDentification 

(RFID) is a widely used method to track pieces, lots or animals in diverse production 

systems. It is normally based on an integrated circuit, an antenna and minimum extra 

components, hermetically sealed in diverse forms (tokens, paper Tag, ear Tag, etc.), 

capable of storing information ranging from an unique number or EAN.UCC code to 

several Kbytes, and to transmit it later, contactless, to a reader unit. This ID unit is 

named Tag, and there exist several frequency bands and standards for the 

communication protocol. 

Most Tags are passive, which means that the supply energy is obtained from the reader 

unit by means of a coupling coil/antenna. On the other hand, active Tags incorporate a 

primary battery to provide the energy for the Tag to communicate. The former Tags are 

supposed be low-cost ones, whereas the latter Tags operate normally at a very high 

frequency and are usually medium-complexity transmitters in a small form factor and 

with a rugged package. 

 

Figure 1 – RFID animal ear Tag being read by a portable receiver (reader). 
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RFID communication systems can be developed at very different frequency ranges [6] 

which are generally grouped in: 

- LF (Low Frequency) standards are used for passive Tags with a low reading 

frequency like 134.2 kHz as stated in ISO 11784/11785 norms (animal ID) or 

125 kHz in the case of HiTag protocol. LF is used for access control and animal 

traceability among other applications. LF antennas are in fact coils which shall 

be described as a transformer with a poor coupling factor instead of RF radiating 

elements. LF antennas are coreless or cored inductors with a large number of 

turns. LF Tags are known by their robustness, which enables them to operate in 

aggressive environments for years, like the case of animal ID (134.2 kHz) or tire 

pressure measurement (125 kHz) [7][8]. Apart from their robustness, they are 

preferred in the agribusiness/food industry because they are not affected by the 

presence of water (water can absorb energy at higher frequencies). The last 

argument is still under discussion; there are numerous examples of HF and VHF 

RFID applications for food tracking. Despite LF Tags are the simplest ones, they 

are not the cheapest ones because of the antenna-coil and their rugged plastic 

package associated with their use in harsh environments. A LF Tag may be 

priced from 0.5 to 1.5 USD in large quantities. 

- HF (High Frequency) standards are used for passive Tags and recently also 

active devices with a high reading frequency, being 13.56 MHz the most 

common band like stated in ISO/IEC 14443 standard for identification using 

proximity cards. Near Field Communication (NFC) [9][10][11] over this 

frequency range is being incorporated in a wide range of portable devices 

(smartphones or tablets) and applications. HF is used for access control, e-

payment or asset tracking among other applications. HF antennas are still 

normally coils with a small number of turns, usually printed in a PCB or 

laminated over a plastic/paper substrate. 

- VHF and UHF (Very and Ultra High Frequency) standards are used mostly for 

passive Tags but also in active devices with a very high reading frequency. 

Several frequency bands ranging from 900 MHz to few GHz, as stated in 

ISO/IEC 18000-6C standard, are incorporated in a wide range of applications. 

UHF is used for items tracking in the retail industry (like supermarkets) because 

of its low cost, book tracking in libraries, among other applications. UHF/VHF 

antennas are true radiating elements, usually small dipoles of different 

size/shapes laminated over a plastic/paper substrate. A UHF/VHF Tag can be 

very cheap down to USD 0.15 in large quantity for an adhesive retail-like Tag. 

Animal identification is in most cases regulated and specified for 134.2 kHz. The 

technological element in the case of cattle ID is an ear Tag with RFID capabilities, 

passive, containing within a plastic case an integrated circuit and a 100-300 turns air 

core coil which works as the antenna (it may also include one or more capacitors for 

energy storage and coil tuning). This element is known as RFID Tag or just Tag. The 

data readout is done by means of a reading device, which sends the energy to the Tag by 

an inductive link with the coil antenna at 134.2 kHz. The Tag once energized sends its 

unique ID code by the same inductive link towards the reader. Animal identification 

adopted in most cases the ISO 11784/11785 standards. In Fig. 1 an image of an ear Tag 

readout is shown. 
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Tags for animal ID have a moderate cost (1 to 2 USD) and can be read at distances of 

about 20-40 centimeters with portable stick-like readers like in Fig.1 [12][13][14], or up 

to 1 meter in the case of panel readers where the reader antenna is a large coil (0.5 to 1 

m
2
 area). The limit in the reading distance is essentially given by the fact that the energy 

to the Tag is provided by an inductive link and that the reader cannot transmit an 

unlimited large magnetic field. The limited reading distance represents a major 

limitation in the flexibility and utilization of RFID devices, so that an improvement in 

this aspect might be of great practical impact (and perhaps commercial application). At 

the present, a group of animals cannot be read on the go. In Uruguayan farms, livestock 

is usually identified in a relatively tedious work within “mangas” (narrow wood 

barnyards specifically adapted for cattle; see Figure 2). 

 

Figure 2 – Livestock Identification process in the “mangas”. 

In order to provide the energy necessary for the Tag to work, the reader creates an 

oscillating magnetic field which induces an AC voltage at the Tag‟s coil antenna. This 

induced voltage must have at least a few volts of amplitude, so that the Tag can work 

properly. This turns out to be a main issue for the reading distance, since magnetic field 

decays with the cube of the distance to the reader (near field approximation). On the 

other hand, a few mV or lower signal in the coil antenna is enough for the activation 

field reception. Thus, without having to power the Tag with the activation field, the data 

communication could be achieved at a much larger distance, for example the few meters 

necessary to work with cattle in an open place or to read cattle while passing through a 

corral portress.  

This project includes the proof of concept, definition of strategy and implementation of 

integrated circuits blocks oriented to animal ID with an active Tag using 134.2 kHz LF 

protocols. The idea is to provide the Tag with a low cost battery for the supply energy 

(currently coin type lithium batteries cost 0.1 to 0.3 USD in large quantities depending 

on quality and capacity), thus the remote power transmission limit from the reader is 

avoided. While active Tags are stable commercial products at the present, most of them 

are implemented at HF/UHF/VHF frequencies. LF active communication has been 
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proposed in the past for example for meter reading, but has been little adopted. There is 

no experience to our knowledge of practical applications of LF active Tags for animal 

ID; therefore there is a certain degree of innovation in the target application.     

This work is limited to the study/development of the Tag, while the reader will be a 

standard one from BQN [12]. BQN is a Uruguayan company of manufacturing standard 

ISO 11784/11785 RFID readers for traceability within the livestock industry. It is 

currently the only local company to produce in large scale this type of readers. 

It is important to answer the question of why LF instead of HF or UHF/VHF, since 

higher frequency protocols are more suitable for long range data transmission. A 

suitable answer is: 

- LF Tags are proof to be very robust to operate for years in harsh environments; 

this is the main reason for their use in livestock traceability. 

- Innovative active Tags shall be compliant with existing readers and regulations 

to maximize the probability of being adopted by the livestock industry.  

In this work, the design of the circuits for active Tags similar to those of regular use in 

our country, but using a low cost battery as the source of energy, which allows 

increasing the reading distance of the device will be presented.  

In chapter 2, a prototype of an active Tag capable of measuring the temperature and 

transmit it to a standard reader using the 134.2 kHz ISO standards is presented. This 

active Tag was developed using of-the-shelve components and is a first step to 

understand difficulties and challenges associated with long range data transmission 

using LF protocols. In chapter 3, an overview of a designed ASIC for an active LF 

RFID Tag is presented, its purpose and specifications are described, as well as a general 

diagram of the whole circuit.  In chapter 0, the design of the reception circuit for the 

active Tag is described in detail, from the analytical work to simulated results. This 

circuit amplifies with a minimum power consumption the input signal from the antenna 

coil to detect the presence of a reader up to a few meters distance. The detection and 

transmission circuits are presented in chapters 0 and 6 respectively. The former 

identifies a valid reader from the amplified signal; the latter is just a simple circuit to 

drive the antenna during transmission. In chapter 7, all the experimental results over the 

fabricated ASIC are presented, whereas in chapter 8 the conclusions and future work of 

this project are discussed. 

The project finishes with the assembly and test of a prototype of an active Tag using the 

designed integrated circuits and some other discrete components. In this document we 

focus on the technological aspects of the Tags; however, for a complete study and 

development we should also pay attention to the reading devices, and may propose 

some modification on them as well. 

1.1. State of the art and ISO 11784/11785 standard 

In general, Tags can be classified between active or passive. While passive Tags receive 

the energy to operate from the reader, active ones have a primary battery, which is 

preferable to be small and cheap. As far as we know, only passive Tags are being used 

in large scale for animal identification in livestock industry because of their low cost 
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and reliability. The use of active Tags has been reduced because they generally are 

intelligent and complex communication systems, with a much higher cost. This work is 

aimed at being a first step towards the development of low cost LF active Tags for 

livestock traceability. 

The fast success of a future product depends on the compatibility with existing 

regulations and readers. Regulations for the cattle RFID traceability are internationally 

defined by the ICAR [1], an international organization aimed to promote and 

standardize the activity in cattle traceability in all its forms. In Uruguay this role is taken 

by the DI.CO.SE. [15], where ICAR standards are adopted. As far as we know, all the 

worldwide regulations about RFID for animal traceability within the livestock industry 

adopted this standard. Therefore, for an RFID Tag to be used, it has to be at least 

compatible with ISO 11784/11785 standard adopted by ICAR. In addition, a proposed 

new Tag may have new functions or an extended protocol as well.  

At such a low frequency, instead of RF waves the communication link should be better 

described as an inductive coupling phenomenon between the antennas, which are 

normally just coils (from tens to hundreds turns of copper wire, in either an air or ferrite 

core). In Figure 3, several plastic RFID ear Tags are shown. 

 

Figure 3 – Sample cattle RFID ear Tags. 

ISO 11784/11785 define two types of communication protocol for two different types of 

passive Tags, known as half-duplex (HDX) and full-duplex (FDX). The reading 

procedure for an HDX Tag starts when the reader creates a relatively large alternating 

electromagnetic (EM) field close to 134.2 kHz, then the Tag stores energy in a small 

capacitor from the induced current in its coil antenna, and later use the stored energy to 

transmit data back to the reader (immediately after the AC EM field from the reader 

decays). The data is FSK modulated at 124.2 kHz for the digital „1‟, and 134.2 kHz for 

the digital „0‟ symbols, at approximately 8kbits/s. On the other hand, a FDX Tag 
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transmits all the time while being powered through the EM field; the datagram starts 

immediately after the reader provides enough energy. For data transmission, the Tag 

circuit modifies its coil antenna load thus the EM field is modulated. From the reader‟s 

perspective, the data is ASK modulated; a modified differential bi-phase encoding 

(DBP) is used to encode digital „1‟s and „0‟s. The Tag continuously repeats the message 

while being powered. A reader unit shall alternate FDX, HDX scan time slots: it shall 

establish the 134.2kHz EM field for 50-100 ms to power Tags and search for a FDX 

reply, then for 3- 20 ms the AC EM field stops and the reader just scans for an HDX 

message (ISO 11784/11785 precisely defines timing). 

Passive Tags include an integrated circuit, a resonant coil antenna and at least one 

capacitor in HDX for the storage of the transmission energy. There exist several 

manufacturers of RFID Tags, i.e. Allflex [13], Kimaldi [16], Intelitec [17] (in Uruguay) 

which generally use an integrated circuit from another company. Some well-known 

RFID Tags ASIC providers are Texas Instruments [18], ATMEL [19], SiliconCraft [20], 

among others. To our knowledge, integrated circuits compatible with ISO 11784/11785 

norms are passive, some of them have a read/write capability. This feature allows the 

user to store certain information in the Tag such as weight or vaccines, and turns the 

system into a distributed database with a lot of potential. In fact FDX Tags are 

sometimes HiTag standard ones initially defined for 125 kHz, which are compliant with 

ISO 11784/11785 readers when tuned at 134.2 kHz. 

RFID ASICs contain a simple state machine, memory, drivers for the antenna and in 

some cases complex voltage regulators and protections in order to obtain a supply 

source from the EM energy provided by the reader, which can induce in the Tag‟s coil 

from a few volts to hundreds of volts, depending on the reader distance. 

1.2. HDX RFID communication 

Communication between the Tags and the reader can be full-duplex or half-duplex. 

Readers must be capable of reading Tags of both types. However, in this work we focus 

on HDX communication because it is a well-known fact that the larger reading 

distances are obtained in HDX. The problem with FDX is that the reader has to 

decouple the ASK data from much larger carrier. The carrier voltage in the reader 

antenna to generate the EM field may be of few hundreds volts modulated for example 

at 0.1 % or less. ISO 11785 standard defines the technical aspects of this 

communication as well as the protocol used to transfer the identification code, whereas 

ISO 11784 defines the data structure. 

The reader unit shall activate Tags using an activation magnetic field with an activation 

frequency of (134.2 ± 13.42   10
-3

) kHz. The activation period shall be 50 ms. The 
activation field coming from the reader must decay form -3 dB to -80 dB within 1 

millisecond. The HDX Tag shall respond between 1 millisecond and 2 ms after a decay 

of 3 dB on the activation signal. If no HDX header is detected within 3 ms after a 3 dB 

decay of the activation field, activation shall be resumed by the reader. In case an HDX 

header is received, the pause in the activation field shall be extended to 20 ms to 

complete the readout of the HDX datagram. In Figure 4, a timing scheme of the Tag‟s 

activation is shown. 
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HDX Tag uses Frequency-Shift Keying (FSK) modulation at (124.2 ± 2) kHz to 

transmit a digital „1‟ and at (134.2 ± 1.5) kHz to transmit a digital „0‟. The encoding of 

the signal shall be Non-Return to Zero (NRZ). The duration of a bit must be 16 cycles, 

corresponding to a bit rate of 8387.5 bit/s for digital zeros and 7762.5 bit/s for digital 

ones. See Figure 5 for a signal structure diagram of the HDX datagram. 

 

Figure 4 – Timing scheme of the Tag‟s activation. 

 

Figure 5 – Signal structure of the HDX identification datagram. 
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The structure of the HDX identification telegram is as follows: 

- an 8-bit header (01111110) used as a synchronization sequence; 

- a 64-bit identification code 

- 16 CRC error detection bits 

- 24 trailer bits. 

The 24-bit trailer at the end of the telegram shall be included for information storage of 

future functions of the device, i.e. multi-page Tags incorporating sensors or writeable 

memory. 

 

Figure 6 – Structure of the HDX identification datagram. 

The 64-bit identification code is split into several code fields, each with its own 

meaning. Each field is coded in natural binary with the high-order bit being leftmost. Bit 

number 1 in the code is the most significant bit (MSB); bit number 64 is the least 

significant bit (LSB). 

Bit number 1 indicates if the Tag is being used for animal (1) or non-animal (0) 

application. Bits from 2 to 15 are reserved for future use. Bit number 16 indicates the 

existence of a data block (1) or no data block (0); it shall be 1 if additional information 

is appended to the identification code, otherwise it shall be 0. Bits from 17 to 26 

indicate the country code, defined by ISO 3166 norm. Bits from 27 to 64 indicate the 

national identification code, a unique number within a certain country. The combination 

of country code and national identification code provides a unique worldwide 

identification number. 
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2. RFID data logger prototype 

The aim of this chapter is to develop, as a proof of concept, an RFID temperature data 

logger based on the ISO 11784/1785 standards. The data logger is built using low-cost, 

discrete of-the-shelve components. The device was designed to measure the temperature 

and to transfer the data to a modified ISO 11784/11785 reader via an HDX link. 

The device periodically measures the temperature of its surroundings between fixed 

successive time intervals and stores the information in a microcontroller‟s EEPROM. 

When not measuring, it enters in reception mode, waiting for the presence of a reader 

within its active range. 1 millisecond after an activation signal is detected, it 

automatically replies with the HDX-like datagram containing the stored data. 

Only a PIC16F886 microcontroller was used with the addition of few discrete passive 

components, including two NTC thermistors for temperature measuring and an L = 8 

mHy coil antenna to establish the inductive coupling with the reader. A photograph of 

the implemented prototype is shown if Figure 7, while a complete diagram of the circuit 

is shown in Figure 8. 

 

Figure 7 – Photograph of the implemented prototype; behind it is the reader unit. 

2.1. Temperature measurement 

A Wheatstone bridge circuit with two 10 kΩ NTC thermistors was used for the 

temperature measurement (right side of Figure 8). The temperature operating range of 

the thermistor is -40 ºC to 125 ºC. The bridge is powered when the microcontroller‟s pin 

RA5 is set to high, and the imbalance caused by changes in the thermistors temperature 

is A/D converted through pins RB0 and RB1 and stored in memory. 
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Figure 8 – Complete circuit diagram of the RFID temperature data logger.  

The resistance as a function of the temperature for both thermistors is the following: 
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In equation (2.1)    is the resistance of the thermistors in ambient temperature, chosen 

equal to the value of resistors    and   , T is the temperature of the surroundings,    is 

the ambient temperature considered equal to 25 ºC (298 ºK) and B is a constant of the 

thermistor given by the manufacturer. The difference between the voltages at RB0 and 

RB1 can be expressed as: 
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Equation (2.2) can be rewritten using equation (2.1) as follows: 
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For a given temperature, this value is A/D converter by the microcontroller and stored 

in memory. Configuring the reference voltage of the A/D converter equal to the supply 

voltage     makes this measurement independent of possible fluctuations of the voltage 
source. 

2.2. Activation signal detection 

The same sub-circuit on left side of Figure 8 is used both for transmission and reception, 
changing the state of the corresponding microcontroller‟s pins. Activation signal from 

the reader is demodulated by means of the Schotky diode D2 and the R3C3 parallel, and 

detected with a microcontroller‟s internal comparator. The circuit on the left side of 
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Figure 8 enters in detection mode when the microcontroller‟s pins RA0 and RC2 are set 

as high-impedance inputs, and pin RC3 is grounded. The reception equivalent circuit is 

shown in Figure 9. The induced 134.2 kHz signal generated by the external EM field 

from the reader appears at the terminals of the coil L during the 50 ms activation period. 

This signal is rectified by the Schotky diode D2 and low-pass filtered by R3C3, 

resulting at pin RA0 a 50-ms pulse signal as shown in Figure 10. This pulse is 

periodically compared to a voltage reference by the microcontroller, which determines 

whether an activation signal is taking place or not. A zenner diode D1 is used to protect 

the microcontroller from high voltages which may be induced by a large AC EM field 

when the reader is too close to the coil antenna, while R1 is used to provide a path for 

the current during half the period the signal is rectified by D2. It shall be pointed that 

the proposed circuit is able to detect only induced voltages in L larger than D2 diode 

forward voltage     (approximately 300 mV). This also imposes a limitation to the 

distance at which the proposed circuit can detect the presence of a reader. A Schotky D2 

diode was selected to minimize    . In order to achieve larger distances for the 
activation signal detection, a different scheme has to be selected; for example, a tuned 

amplifier at 134.2 kHz can be placed before D2 to greatly enhance detection distance.  

 

Figure 9 – Activation signal reception circuit. 

 

Figure 10 – A 50 ms activation signal. 
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2.3. Data transmission 

Setting pin RA0 in a high-impedance state, and pins RC3 and RC2 as outputs (see 

Figure 8), the system enters in transmission mode. Its equivalent circuit is shown in 

Figure 11. No current passes through D1 since the microcontroller‟s output voltage does 

not exceed the diode‟s breakdown voltage; however, a small additional current 

consumption occurs due to R1 when transmitting (see Figure 8). The message is 

transmitted in series using FSK modulation, alternatively changing the state of pins RC3 

and RC2 between high and low states, either at 134.2 kHz or 124.2 kHz. The frequency 

determines whether a digital „1‟ or a digital „0‟ is being transmitted. Therefore, during 

transmission the antenna is handled by the two microcontroller‟s inner digital driver 

circuits of outputs RC2 and RC3 (more details about the driver circuit in [21]). 

The coil used was obtained from a disassembled RFID Tag. It consists of approximately 

200 turns of 0.2 mm
2
 section copper wire, and has an inductance of 8 mH and a 

resistance of 321 . Capacitors C1 and C2 were chosen so that the resonance frequency 
of the LC circuit is close to the middle of the FSK transmission band, in order to 

maximize the current through the circuit and the transmission distance range. 

 

 Figure 11 – Transmission circuit. 

2.4. Power consumption 

Temperature log does require a steady power supply. The energy is assumed to be 

provided by a 3 V lithium primary battery. To enable the use of very low cost 

batteries, it is necessary to minimize current consumption and to avoid large current 

consumption peaks. In a practical situation a battery shall last for 3-4 years, and current 

peaks above 50 mA shall be avoided.   

A high current is demanded from the battery when the microcontroller‟s comparator is 

turned on, to compare the activation signal peak value to the reference voltage. Thus, 

when the device enters in reception mode after the completion of the temperature 

measurement, the reception circuit is not continuously waiting for the presence of an 

activation signal. Instead, it makes an input comparison every 20 ms, and after that it is 

turned off. Also the Wheatstone bridge used for the temperature measuring is turned off 

when not used, setting to low the microcontroller‟s pin RA5 (see Figure 8). The 

transmission of the stored data also involves a big momentary current consumption; 

however, it occurs between large time periods; Tag readout may take place a single or a 

RC3

RC2

L

C1

C2

VDD

Q

Q



Low-frequency RFID active devices for applications in the agribusiness industry 

Universidad Católica del Uruguay - Faculty of Engineering and Technology. Guillermo Costa  21 

few times per day maximum, so it almost has no influence on the total average current 

consumption of the circuit. In addition, the microcontroller enters sleep mode during the 

time no temperature measurements, reception or transmission take place. 

2.5. Experimental measurements 

The developed prototype was tested. It properly measures the temperature and 

communicates with a 134.2 kHz standard reader unit with a reliable link up to a 

maximum of approximately 20 cm distance depending on the orientation of the 

antennas, the surroundings, among other factors. The origin of this 20-cm limit was 

verified to be the inaccurate passive detection circuit which triggers the data 

transmission. On the other hand, it was possible to read the active tag in a continuous 

data transmission mode at 45-50 cm distance. For all the measures an ISO compliant 

reader was used [22] with only a few firmware modifications. It first sends the 

activation field and waits for a Tag response. At the present we only tested proper data 

transmission of a single or a few temperature measurements in a single ISO datagram. 

For a true data logger, generating a few Kbytes of information, a protocol must be 

established to packetize the information and check its integrity (a true data logger 

exceeds the scope of this work). The reader employed can read passive tags up to 29 

cm, thus in some way the proposed data logger should seize its self-powered supply to 

obtain a transmission distance gain in comparison to passive tags. 

2.5.1. Activation signal reception 

Figure 12 shows a 134.2 kHz activation signal from the reader measured at the 

transponder coil‟s terminals, and then rectified and low-pass filtered by the reception 

circuit, measured at microcontroller‟s pin RA0 (Figure 9). It lasts 50 ms, and after 3 ms 

of no response the activation signal is resumed. 

 

Figure 12 - Activation signal measured a) at coil‟s terminals, b) at microcontroller‟s input.  
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2.5.2. Reception range 

Varying the distance between the reader and the Tag, the amplitude of the filtered 

activation signal at microcontroller‟s pin RA0 behaves as shown in Figure 13. In order 

to protect the integrity of the microcontroller, this amplitude is limited for the Zenner 

diode D1 breakdown voltage (Figure 9). 

 

Figure 13 - Amplitude of the received activation signal at the input RA0, varying the distance between 

the Tag and the reader. 

2.5.3. HDX datagram transmission 

An HDX message read from the reader while being sent by the Tag is shown in Figure 

14. The first graph corresponds to the voltage from one terminal of the Tag‟s antenna, 

while the second to the decoded bits read from an internal node of the reader unit. The 

amplitude of the signal at the Tag‟s antenna varies depending whether is being 

transmitted a digital „0‟ or „1‟ due to the inexact tuning of the LC pair. 

 

Figure 14 - Transmitted signal a) at the Tag‟s antenna, b) decoded by the reader. 
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2.6. Microcontroller’s firmware 

The microcontroller was programmed in miKroC, a microcontroller-oriented C type 

programming language. However, some parts of the firmware were programmed in 

assembler due to the speed that the program needs to perform some tasks in order to 

generate the transmission signal at the frequencies of 134.2 kHz and 124.2 kHz. 

Figure 15 shows a flow diagram of the microcontroller‟s firmware. The program starts 

initializing some registers in order to configure the clock, interrupts, comparator, timers, 

etc.; and then it goes into Sleep Mode, minimizing the current consumption. Using the 

microcontroller‟s Real Time Clock (RTC) the devices is woken up from sleep every 30 

minutes, it sets pins RB0 and RB1 as high impedance input and RA5 to    , and it 
performs one temperature measurement storing the result in memory.  

Once a fixed number of measurements N are reached, the microcontroller enters in 

Detection Mode setting pins RA0 and PC2 as high impedance inputs and pin RC3 to 

ground; under these conditions the circuit behaves as shown in Figure 9. Also the 

Wheatstone bridge is turned off setting pin RA5 to ground. After that the device goes 

again into Sleep Mode.  

Every 20 ms the microcontroller is woken up from Sleep due to an interruption caused 

by an overflow of Timer 1. During this interruption the value of input RA0 is compared 

to an internal reference value. If there is no signal at this point, the program enters again 

in Sleep Mode. On the other hand, in the presence of a voltage higher than the 

reference, the duration of that possible activation signal is measured: if it is near 50 ms 

it goes into Transmission Mode, where the datagram with the previously stored data is 

to be transmitted. 

In Transmission Mode pin RA0 is set as a high impedance input and pins RC2 and RC3 

are set as outputs with opposite values. An overflow of the microcontroller‟s timer 

TMR2 is used to change the states of RC2 and RC3 at the two different transmission 

frequencies: 134.2 kHz (period of approximately 7.5 µs) for a digital „1‟ or 124.2 kHz 

(period of approximately 8.0 µs) for a digital „0‟. The period of the TMR2 is set by 

changing the value of the PR2 register. So the program starts going through every bit of 

the datagram and changes the value of PR2 whether it finds a binary „1‟ or a binary „0‟. 

32 overflows of TMR2 are performed for each bit of the datagram, corresponding to the 

32 half-cycles required for the transmission of each bit. Once the datagram is 

completely transmitted the program goes back to Sleep Mode, waiting for another 

activation signal. If the microcontroller is reset, the program goes back to the 

initialization stage. 
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Figure 15 – Microcontroller‟s firmware flow diagram. 

2.7. Conclusions 

An active RFID temperature logger prototype compatible with ISO 11784/11785 data 

transmission standards was designed. It was implemented using only low-cost of-the-

shelve circuit elements. The low-speed communication link reached an acceptable 

reading range, while maintaining a low current consumption compatible with 

commercial low cost batteries. Electrical specifications of the developed device are 

found in Table 1. 

Unlike all similar passive devices, in this active prototype the energy employed for the 

transmission is not provided by the activation signal coming from the reader, but it is 

supplied by the battery instead. Thus, transmission power is increased using for example 
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a regular coin type lithium battery, compared to a regular passive Tag. Besides, if the 

prototype is optimized for minimum consumption, a few microamperes for example, the 

Tag would be operative for a long time, even for a few years. 

On the other hand, being the reception circuit based on the rectification of the activation 

signal through diode D2, the reception range is mainly limited by the forward voltage 

drop in D2, which forces the amplitude of the reception signal to be higher than this 

value (see Figure 9). When the microcontroller is set to continuously transmit the code 

to the reader, so that the detection process is avoided, the message is read up to 45-50 

centimeters of distance between the devices. Therefore, if the reception circuit is 

optimize in some way so that activation signals of lower amplitude can be detected, the 

communication distance could be enlarged.  

These factors motivate the design of an active Tag, with an integrated reception circuit 

capable of amplifying and detecting the activation signal in a more efficient way, and 

with minimum consumption so that the life of the battery can be maximized. 

Current consumption  

Waiting for an activation signal 8.15 mA 

During communication 9.10 mA 

While measuring temperature 8.30 mA 

Average current consumption* ~12.50 µAh 

Communication distance ~ 25 cm 

Table 1 – Electrical specification 

*Average current consumption is estimated considering ten temperature measurements and one 

data transmission every five hours. 
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3. An ASIC for an active LF RFID Tag 

The main idea behind this work is to develop several circuit blocks for a LF active Tag 

which, using a low cost lithium battery, continuously scans for a reader within a few 

meters around and replies with an ISO 11784/11785 HDX message immediately after 

the reader‟s activation field finishes. This section describes some general aspects of the 

development of an integrated circuit designed for the Tag‟s reception and transmission 

functions. In this stage the ASIC works in conjunction with a microcontroller and some 

discrete components to complete the prototype of an active Tag; in the future the whole 

Tag including the tuning capacitors could be integrated in a single chip. 

This work leads mainly with the reception circuit of the Tag, which scans with a 

minimum current consumption the presence of an activation field coming from a reader 

unit. An integrated circuit for this task was designed, fabricated and tested, in a 0.6 µm 

CMOS technology with HV capabilities. Also a basic transmission circuit front end was 

included within the ASIC. Very good results were obtained with the reception circuit, 

which was able to detect the presence of a reader at a distance of up to 4 meters. The 

main challenge is still to read the ISO 11784/11785 message form the Tag at 2-3 meters, 

as required for a true long range LF Tag. However, this issue will require the design of a 

different reader‟s antenna and a new reader‟s circuitry in order to seize the active Tag 

capabilities. Thus, a complex transmission circuit to fully exploit the available energy in 

the battery during transmission time was not addressed in this work, and just a simple 

circuit like the one in Chapter 2 was proposed, which was able to communicate data up 

to 45-50 cm of distance using a standard reader (the same reader was tested to read 

standard passive HDX tags up to 30 cm away). 

The active Tag ASIC is made of three main circuit blocks: the reception circuit, the 

signal detection circuit and the transmission circuit. Each of them is described in detail 

in the following sections. Also, the current source circuit designed to bias all different 

circuits within the ASIC is described in Annex A.  

A general scheme of the chip is presented in Figure 16. Reception circuit is composed 

of three low-noise and low-power amplification stages. The 134.2 kHz activation signal 

coming from the Tag‟s antenna is received and amplified with minimum power 

consumption and noise. The first two amplification stages are based on a novel topology 

inspired by [23], in which two differential pairs NMOS and PMOS are stacked in order 

to reuse the circuit biasing current and thereby enhance the gain and reduce noise. The 

third amplification stage is a Gm-C band-pass filter (BPF) constituted by a double-input 

OTA transconductor and two regular OTAs. 

Detection circuit is composed of two circuit blocks: a comparator (comparison stage) 

and a pulse duration detection stage. The comparison stage receives the amplified 

activation signal from the reception circuit and compares it to a threshold detection 

voltage    , giving a digital „1‟ in the presence of an activation field and a digital „0‟ 
otherwise. In other words, it delivers a demodulated digital version of the activation 

signal, similar to that of Figure 10. This output is available for the microcontroller in a 

dedicated pin of the chip. The pulse duration detection stage measures the duration of 



Low-frequency RFID active devices for applications in the agribusiness industry 

Universidad Católica del Uruguay - Faculty of Engineering and Technology. Guillermo Costa  27 

the demodulated signal from the comparison stage and changes its output state if the 

duration of the received pulse is near 50 ms with certain tolerance, indicating to the 

microcontroller that a correct activation signal was received. In case a shorter or longer 

pulse signal is presented, it maintains its previous output state. 

Transmission circuit is used to respond with the HDX datagram to the reader after an 

activation signal is detected. It consists on an H-bridge driven by the microcontroller, 

which changes its state at the frequencies of 134.2 kHz or 124.2 kHz whether a digital 

„0‟ or a digital „1‟ is being transmitted, respectively. Therefore, the binary datagram to 

the reader is sent by the microcontroller through the transmission circuit, which shares 

the same antenna with the reception circuit. During reception, the H-bridge is set to high 

impedance by the microcontroller. 

 

Figure 16 – Block scheme of the designed chip plus microcontroller. 

In order to turn the prototype into a real marketable Tag, the digital processing made by 

the microcontroller must also be included within the chip. This digital circuit block was 

not part of this work; just the reception and transmission circuits were integrated. 

However, a digital circuit for the task was designed using Synopsys tools as part of an 

“Advanced Digital Design” course during the master‟s studies, and the design was taken 

until the layout level. A brief explanation of the circuit is presented in Annex B. 

3.1. Specifications 

As a main constraint for the design, the whole microchip must consume less than 5 µA, 

so that a low cost lithium battery (approximately 250 mAh of capacity) can last the 

whole life of a beef cattle animal, between 3 to 5 years. Therefore, regarding noise and 

gain specifications, both must be improved as much as possible without increasing the 

current consumption above the defined threshold. The frequency range of the whole 

amplifier must be centered at 134.2 kHz (activation signal‟s frequency), and it has to be 

as narrow as possible around this frequency. 

The technology used for the fabrication of the chip was XC06 of the German foundry 

XFAB [24], which has a minimum transistor size of 0.6 µm. The area dedicated for this 

circuit within the ASIC was of approximately 1 mm × 0.5 mm. 
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3.2. Circuit pinout 

The fabricated ASIC included several circuits from different projects in the research 

group including the present RFID Tag one. The foundry provided us with a CLCC84 

package for the ASIC, with dimensions: 3.17 mm horizontal × 3.15 mm vertical. It has 

84 PADs of 99 µm × 99 µm and a PADs pitch of 110 µm. The bonding scheme of the 

chip is shown in Figure 17, while the pins used for this project are listed in Table 2 with 

a brief description of each one. 

 

Figure 17 – Bonding scheme of the constructed chip. 
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Pin Name Description 

70 OUT_COMP Comparison stage output 

71 CS_DET Turn on/off the comparators of the detection stage 

72 OUT Detection circuit output 

73 C_DET External capacitor of the detection stage 

74 VREF2 1.8 V voltage reference input 

75 VREF1 1.0 V voltage reference input 

76 VDD_RFID Supply voltage 

77 CS_RECEP Turn on/off the comparators of the reception stage 

78 VTH_RECEP Detection voltage threshold of the reception stage 

79 VIN- Negative amplification input 

80 VIN+ Positive amplification input 

81 NB H bridge control pin 

82 NA H bridge control pin 

83 CTRLH H bridge control pin 

84 IBIAS Biasing current of the current source circuit 

1 OUT_BPF Band-pass filter output through a buffer 

7 IBIAS_BUFFERS Buffer biasing current 

8 VDD_BUFFERS Buffer supply voltage 

20 GND Ground 

Table 2 – Pinout of the fabricated chip. 
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4. Reception circuit 

In this chapter, the design of the reception circuit is presented. Its task is to amplify, 

with minimum current consumption, the signal coming from the coil/antenna in the 

134.2 kHz band. The scheme of the reception circuit is shown in Figure 18. It consists 

of two cascaded amplification stages with gains 𝐺  ≈ 18.1 and 𝐺  ≈ 6.1, followed by a 
band-pass filter (BFP) with a 3 dB decay at 24.3 kHz and 215 kHz. The first two stages 

are differential-input differential-output ones; then the signal is further amplified and 

converted to a single-ended one by the BPF stage. All these stages are described in 

detail in the following sections.  

In order to reduce the current consumption to a minimum, a double-pair input will be 

employed for the first two amplification stages. It will be shown that this topology leads 

to the minimum input referred noise for a given supply current budget, but also allows 

to design amplifiers with an excellent trade-off between current consumption and 

bandwidth. 

 

Figure 18 – Reception circuit scheme. 

4.1. Double-pair amplification stages 

The first to stages of Figure 18 are based in the same architecture, shown in Figure 21. 

It consists of two NMOS and PMOS current biased differential pairs complementarily 

stacked, so that the current is reutilized. The amplification stage has minimum input 

referred noise, minimum input offset, and a high gain for a given current consumption 

[23]. The gates of MOS transistors are decupled by means of capacitors, to properly fix 

de DC gate voltage for the differential pairs. 

While current reutilization in analog circuits is not new and has been proposed in an 

explicit or implicit form in several works and patents [25][26][27][28][29], the patent in 

[23] propose a practical framework for the stacking of differential pairs (two or multiple 

pairs) for noise reduction with a minimum current consumption. The amplifiers in this 

work will utilize only two stacked pairs. At this point, the stacking of two differential 

pairs and current reutilization should be examined with a bit detail. 

In Figure 19, a well know differential pair is shown. It consists of a differential input 

stage (transistors M1A and M1B) which realize the voltage-to-current conversion, and a 

current mirror (transistors M2A and M2B) which copies the current through M1A to the 

output. The small-signal output current of this circuit is: 
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In equation (4.1)     is the gate transconductance of transistors M1A and M1B,      is 

the positive differential voltage input and      is the negative differential voltage input. 
Several characteristics of the amplifier of Figure 19 such as the input referred noise and 

the gain, among others, depend on the bias current 𝐼    , which determines the supply 

current 𝐼   provided by the supply voltage. The power consumption of the whole circuit 

of Figure 19 is     𝐼  . Thus, if minimum power dissipation is required, then VDD 
should be the minimum possible, since a lower VDD does not degrade the amplifier 

characteristics. The minimum VDD required for the amplifier of Figure 19 to operate is 

given by                   (           ).        and      are the saturation 
voltage and the gate-to-source voltage in saturation for a given transistor Mi, 

respectively. 

 

Figure 19 – Classic differential pair. 

There are two main sources of noise in a CMOS amplifier [30]: flicker noise and 

thermal noise. The former has a Power Spectral Density (PSD) proportional to 1/f and 

can be reduced by selecting large input transistors for the amplifier [30] since its PSD is 

inversely proportional to the gate area. Flicker noise eventually can be further reduced 

or eliminated by means of circuit techniques such as autozeroing and chopper 

stabilization [31]. Thermal noise, on the other hand, has a white noise PSD and depends 

on the bias current of the transistors. Biasing current has to be increased in order to 

reduce thermal noise, and so does the power consumption [30]. 

Usual noise models for thermal and flicker noise in a MOS transistor are presented in 

equation (4.2) and (4.3) respectively, for the PSD of the noise current source in parallel 

with the transistor. 
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In equations (4.2) and (4.3)    is the Boltzmann‟s constant, T is the absolute Kelvin 

temperature,    is the transconductances of the transistors, W and L are the dimensions 

of the transistor, n is the slope factor (slightly larger than 1),   ≈ 2 is a constant,    is 

the constant associated with the flicker noise SPICE model 2-3 and    
  is the gate 

capacitance per unit area.  

Since the amplifier in this work is aimed at the amplification of signals above 100 kHz, 

only thermal noise will be studied in detail. Flicker noise effect is assumed negligible in 

the frequency range of LF RFID.  

Thermal noise Power Spectral Density (PSD) of the amplifier of Figure 19 is calculated: 

     ( )  
      

   
       

   

   
  (4.4) 

In equation (4.4)     and     are the transconductances of the respective transistors M1 

and M2 (M1 denotes either M1A or M1B transistors).     ( ) denotes the input 
referred noise voltage PSD, and its unit are V

2
/Hz. Equation (4.4) can be rewritten 

introducing the    𝐼  ⁄  ratio [32] for each transistor Mi (IDi denotes the DC bias current 

of a given transistor Mi): 
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𝐼  
 
𝐼  

   
 (4.5) 

   𝐼  ⁄  ratio varies from 2 to 3 in Strong Inversion and from 25 to 30 in Weak 

Inversion. In Figure 20 both the measured and estimated    and   𝐼 ⁄  for a W/L = 

14µm/3.6µm NMOS transistor as function of the current (proportional to the inversion 

level   ), are shown. 

 

Figure 20 – Transconductance    and     ⁄  ratio predicted using ACM model‟s equations [33], and 

measured for a W/L = 14.5 µm/3.6 µm NMOS transistor. 
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Equation (4.5) shows that, for a given current consumption budget, thermal noise can be 

minimized biasing M1 transistors of Figure 19 in Weak Inversion and M2 transistors in 

Strong Inversion, so that high    𝐼  ⁄  values and low    𝐼  ⁄  values are achieved 

respectively. However, when transistors M2 are biased in Strong Inversion, both        

and      increase, and so does the minimum VDD necessary for the circuit to operate. 

In Figure 19, even if powered with the minimum possible    , most of the energy is 

dissipated by transistors M2 and M3, while a small fraction of the total energy 

employed is effectively used by the voltage-to-current conversion transistors M1. 

The double-pair amplification stage of Figure 21 is used in the first two stages of Figure 

18 instead of a classic differential pair since it realizes a more efficient amplification in 

terms of noise and gain for a given current budget [23]. In the circuit of Figure 21 most 

of the energy is dissipated in the input transistors in charge of doing the voltage-to-

current conversion, instead of in the transistors of the current mirrors.  

The proposed architecture is composed by two opposite stacked MOS differential pairs: 

one is a NMOS pair constituted by transistors M1A and M1B, and the other is a PMOS 

pair constituted by transistors M2A and M2B. The output of the amplifier is a 

differential current, given by the difference between 𝐼  and 𝐼 . Assuming that both 
differential pairs are biased in the same inversion level (thus both transconductances are 

similar:           ), small-signal output current defined as 𝐼    𝐼  𝐼  is 
given by: 

 𝐼       (         )     (         )     (         ) (4.6) 

The high efficiency of the circuit is because the four transistors amplify the input signal 

in a cooperative way, but they introduce non-correlated noise to the circuit. So the input 

referred noise is reduced since it is divided by the gain, which is in this case twice the 

gain of the amplification circuit of Figure 19 [equation (4.1)]. The input referred noise 

voltage PSD is: 

     ( )  
     ( )

(   ) 
 

(4.7) 

   ( ) in equation (4.7) is the noise current PSD introduced by each transistor Mx of 

Figure 21 (in a first approach all    ( ) are supposed to be equal). In case of thermal 

noise, each noise current PSD is given by    ( )           [equation (4.2)], so 
equation (4.7) becomes: 

 
    ( )  

     

  
 

     

𝐼 
 
𝐼 
  

 
(4.8) 

In this case the noise can also be minimized biasing all transistors of Figure 21 in Weak 

Inversion. Thus, comparing equations (4.5) and (4.8) for a given total current 

consumption, input referred noise is divided by a factor of 2 or even more. Assuming a 

maximum   𝐼 ⁄  ratio of 25 (  𝐼 ⁄  achieves a plateau at WI as shown in Figure 20), 

the differential pair in Figure 21 can be associated to a virtual   𝐼 ⁄  ratio of 50. The 
patent in [23] proposes to further stack differential pairs to further reutilize the bias 

current to obtain   𝐼 ⁄  ratios of 100, 150, 200, and so on, but the associated bias 
circuitry becomes too complex. 
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Equation (4.8) applies only for thermal noise, but equation (4.7) does not assume a 

specific noise type, thus circuit of Figure 21 results very efficient when minimizing both 

thermal and flicker noise. Furthermore, all transistors in Figure 21 including those 

implementing the current source can be biased in Weak Inversion, allowing the circuit 

to operate at a very low supply voltage due to the reduced saturation voltages. 

 

Figure 21 – A simplified double-pair amplification stage with differential current output. 

In Figure 23, a practical embodiment of the double-pair amplification circuit of Figure 

21 is presented. Three aspects of the amplification circuit of Figure 21 are now tackled. 

First of all, input signal is decoupled by capacitors    , and a proper DC voltage is fixed 

to the transistor‟s gates through resistors    . This ensures a correct operating point for 
the transistors and also acts as a high-pass filter for the input signal. The input (coil 

antenna) is now decoupled from the amplification circuitry. Being the input voltage 

    (         ), output current becomes: 

 𝐼    𝐼  𝐼        (
     

       
) (4.9) 

Then, a current-to-voltage conversion takes place at the output by two resistors   , 

being the output voltage of the circuit defined as differential      (           ): 

              (
     

       
) (4.10) 

The circuit in Figure 23 is not a high-pass filter as stated in equation (4.10), but it is a 

band-pass filter instead, and the high-frequency pole is imposed by intrinsic 

capacitances of all the transistors and parasitic capacitance of resistors    to substrate 

(simulations showed that this pole is mainly dominated by resistor‟s parasitic 

capacitance). Assuming the integrated resistor‟s model of Figure 22, output voltage of 

the circuit follows: 
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              (
 

       
) (

     

       
) (4.11) 

Therefore, the transfer function of the double-pair amplification stage is: 

 𝐺  ( )  
    

   

( )       (
 

       
) (

     

       
) (4.12) 

 

Figure 22 – Integrated resistor‟s model. R is the nominal value of the resistor and CP is estimated 

depending on the resistor‟s layout. 

Finally, since is not possible to guarantee that the currents through the NMOS and the 

PMOS differential pairs are exactly the same, the common mode voltage at the output 

must be controlled in some way. If it is not controlled, the voltage at the drains of 

transistors M1 and M2 either will drop until the NMOS pair is no longer saturated or 

will rise until the PMOS pair is no longer saturated. The lower current source of Figure 

21 was replaced by transistor M3 in Figure 23, whose gate is connected to the middle 

node of the output resistors     to set a proper output common mode voltage 
(compensating at the same time any mismatch between the total current through the 

upper and lower differential pairs). Whether transistor M3 operates in linear or saturated 

region, its drain current 𝐼   is a function of the gate-to-source voltage         , and 

also depends linearly with its aspect ratio W/L: 

 𝐼   
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[(      )     

    
 

 
]        linear       

    
 

 

  
(      )

                          saturated       

 (4.13) 

Hence, transistor M3 acts as a common mode feedback control in the sense that if 

current 𝐼   happens to be less than 𝐼    , then     will rise increasing 𝐼   [equation 

(4.13)] until it reaches the 𝐼     value. Common mode feedback is analogous in the case 

𝐼   is larger than 𝐼    . Therefore, for a given current 𝐼   𝐼    , the common mode 

voltage at     will be determined equation (4.13) according to the process parameters 
and transistor M3 aspect ratio. It should be pointed that equation (4.13) assumes M3 in 

Strong Inversion, being not necessarily true in the circuit of Figure 23. However, the 

reasoning is the same in the case of the exponential regime for the saturation current in 

Weak Inversion or any other function used to describe 𝐼   from Weak to Strong 

Inversion regime, changing only the effective resulting     value of Figure 23. 

R/2 R/2

CPCP/2 CP/2

a b



Low-frequency RFID active devices for applications in the agribusiness industry 

Universidad Católica del Uruguay - Faculty of Engineering and Technology. Guillermo Costa  36 

 

Figure 23 – Double-par amplification stage with voltage output control. 

 

Figure 24 – Double-par amplification stage with offset cancellation. 
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Figure 25 – Scheme of the OTA used for the offset cancellation. 

Each of the amplification stages in Figure 18 has its own output mismatch offset, which 

if not cancelled in some way, may saturate the following stage or may greatly reduce 

detection circuit precision. Therefore, offset cancellation was incorporated to the 

circuits of Figure 23 as depicted in Figure 24. In this configuration, the output offset 

voltage between nodes     and     is measured by means of an OTA and integrated in 

a capacitor   . The resulting voltage is applied to a new PMOS differential pair, biased 
with a very low current (thus it does not introduce a significant noise to the input), 

which delivers the required current to cancel the offset at the output. Thus, the OTA, the 

capacitor    and the differential pair M4A-M4B constitute a DC feedback loop. The 
OTA is a symmetric transconductor, shown in Figure 25. 

4.1.1. Noise analysis 

The PSD of the total output referred noise of the circuit of Figure 24 is calculated in this 

section. The noise of each pair of transistors M1, M2 and M4 is traduced into a noise 

current over output the current 𝐼   . Hence, the PSD of the thermal output noise current 

(summed to 𝐼   ) is: 

              ( )         (       ) (4.14) 

   in equation (4.14) is the transconductance of transistors M1 and M2 assumed to be 

equal (both in WI), whereas     is the transconductance of transistors M4. In case of 
flicker noise, the PSD of the noise current is: 
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(  )  in equation (4.15) represents the gate area of transistors Mi. In order to refer these 

noises to the output voltage      we need to multiply them by the squared gain of the 

circuit which does the conversion: the two resistors    in this case. Therefore, output 
referred thermal and flicker noise voltages are calculated from (4.16) and (4.17) as: 
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Two more noise contributions have to be added: the noise of the two resistors    (only 
of thermal noise) and the noise of the OTA used in the offset cancellation loop (thermal 

and flicker components). The thermal noise model of a resistor   includes a noise 

voltage source in series, whose PSD is given by: 

            ( )        (4.18) 

On the other hand, input referred thermal and flicker noise voltages of the OTA are: 
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        in equations (4.19) and (4.20) is the transconductance of transistors MiA and 

MiB of Figure 25, whereas (  )      is their gate area. Therefore, the PSD of the total 

thermal and flicker noise voltages of the double-pair amplification circuit of Figure 24 

referred to its output      result: 
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(4.22) 

It will be later demonstrated that in this work only the thermal noise contribution of the 

input transistors is relevant. 

4.1.2. Final circuit design, transistor sizing and simulated results 

The first two amplification stages in Figure 18 were designed following the topology of 

Figure 24. Decoupling capacitors    were not included within the chip because of their 

big size and to make possible to tune different antennas during test. For the current L = 

8 mHy coil, their value was set at 200 pF in order to make the resonance frequency of 

the transmission circuit close to the FSK transmission frequencies of 134.2 kHz and 

124.2 kHz. Resistors    were selected at 50 kΩ to fix the low-frequency pole of the 
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amplifier. Capacitors    and resistors    are not included in the second stage to avoid 

large capacitances at the output of the first stage than can limit its bandwidth. Instead, 

its DC input voltage is fixed by the output of the first stage. Also,    is too big to be 
included within the ASIC. 

All the transistors of both stages were biased in Weak Inversion, so that noise response 

is reduced to a minimum according to equation (4.8). The transistor‟s inversion levels 

selected for that purpose are listed in Table 3. Biasing current and transistors sizes of 

both stages were selected in order to meet the desired transfer functions, maximizing the 

gain at the 134.2 kHz band while minimizing the current consumption. Also, the first 

stage was designed with a higher gain to reduce noise. The estimated transconductances 

are 𝐺     ≈ 11.03 µS and 𝐺     ≈ 3.15 µS for the first and second stages respectively. 
Selected biasing currents and transistors sizes are listed in Table 3 and Table 4 

respectively. 

Parameter First stage Second stage 

   1.9 2.4 

𝐼     1.0 µA 0.3 µA 

𝐼      150 nA 100 nA 

Table 3 – Selected parameters for both double-pair amplification stages Figure 24. 

Transistors 
1st stage 

W/L W (μm) L (μm)  
Transistors 

2nd stage 
W/L W (μm) L (μm) 

M1A, M1B 30 120 4  M1A, M1B 7.5 30 4 
M2A, M2B 10 40 4  M2A, M2B 2.5 10 4 

M3 3 30 10  M3 1 10 10 
M4A, M4B 3 30 10  M4A, M4B 3 30 10 

Table 4 – Sizes of the transistors of the two double-pair amplification stages.  

From equation (4.11), there is a relationship of dependence between the high-frequency 

pole and the size of resistors   . For high gain values, large resistors    are required, 
which increases the parasitic capacitance and so decreases the location of the high-

frequency pole, moving the peak of the transfer function to the lower frequencies. An 

acceptable trade-off condition was reached choosing output resistor‟s value equal to 0.8 

MΩ for both stages. 

The transfer function of the first double-pair amplification stage is shown in Figure 26, 

while the transfer function of the first two amplification stages (cascade) is shown in 

Figure 27. Both transfer functions are slightly shifted to the left of the transmission 

frequency range. This effect is compensated in the third amplification stage. Both 

graphics were obtained from transistor-level SPICE simulation. The simulated gains at 

134.2 kHz of both double-pair stages are:  

 
𝐺        
𝐺        

 (4.23) 
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Figure 26 – Transfer function of the first double-pair amplification stage. 

 

Figure 27 – Transfer function of the first two amplification stages. 

4.1.3. Layout 

The layout of the chip was made using the ASICs design software provided by 

Synopsys [34]. Figure 28 and Figure 29 show the layout of the two double-pair 

amplification stages of Figure 24.  

Besides noise, offset is a main limitation on the precision of the system. A careful 

layout plays a central role in obtaining a reduced random offset. In the layout of the 
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input stage amplifiers and successive circuits, usual matching practices were applied 

[35] to a given number of interleaved unit transistors that form each differential pair or 

current mirror (practices include same orientation, same surroundings and same 

geometry). In this way the mismatch impact of several effects, not only related to 

transistor gate area, is reduced (diffusion and edge effects, linear and nonlinear 

gradients, among others). The layout structure used in this work for matched transistors, 

whether differential pair or current mirrors, was in all cases the same: a large row of 

equal sized unit transistors placed together at minimum distance, and then connected 

with metal wires. The layout technique can be seen in Figure 28 and Figure 29. Special 

care was taken to ensure that: 

- When matching two arrays A and B of transistors, if one unit transistor of the 

row corresponds to A, their neighbors correspond to B.  

- Current flow direction is always the same in unit transistors, and the usual 

dummy structures at the end of every row were incorporated. 

- Symmetry between adjacent transistors is preserved as much as possible even in 

the layout of the metal wires. 

- No minimum size transistors are employed. Minimum allowed distance is 

preserved between unit transistors. 

The row structure has the following advantages: 

- A minimum extra space is used since only two dummies are required to obtain 

the same surroundings for all unit transistors.  

- Layout blocks are easily reusable since transistor rows can be employed in 

current mirrors with widely different copy factors or in a differential pair just by 

changing metal wire connections. 

- When matching transistor arrays, common centroid geometry is preserved if 

each array contains the same number of interleaved unit transistors, regardless of 

the way they are connected. 

 
Figure 28 – First double-pair amplification stage layout. 
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Figure 29 – Second double-pair amplification stage layout. 

4.2. Band-pass filter stage 

In Figure 30, the circuit of the BPF (Band-Pass Filter) stage of Figure 18 is presented. It 

consists on a double-input OTA transconductor with a resistive-capacitive load to fix 

the high-frequency pole, and a feedback loop made of an integrating transconductor 

(OTA1) and a capacitor to fix the low-frequency pole. The first input of the double-

input OTA is used for the differential input signal coming from the previous stage, 

while the other input is used for the feedback loop. Instead of a load resistor, another 

transconductor connected as shown in Figure 30 was used (OTA2). Being     the 

transconductance of OTA2, equivalent resistance of this configuration is equal to 

    ⁄ . Hence, high resistive values are obtained without increasing parasitic 

capacitance, since very low     can be easily achieved. 

The transfer function of the circuit of Figure 30 is: 

 𝐺   ( )  
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𝐺  
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𝐺  
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𝐺  

𝐺  

 (4.24) 

In equation (4.24)     is the differential input signal equal to          ,     and     

are the transconductances of each differential pair of the double-input OTA, and 𝐺   

and 𝐺   are the transconductances of the OTA1 and OTA2 respectively. In order to fix 

the gain and the band-width of the filter, the size of the transistors within each OTA, the 

bias current of each OTA and the sizes of capacitors    and    have to be selected.  

Equation (4.24) can be rewritten as follows: 

 
  

   

( )  𝐻  
  

        
  (4.25) 

where 𝐻     𝐺  ⁄ ,   𝐺    ⁄  and   
     𝐺      ⁄ . From equation (4.25), 

the gain of the BPF circuit is maximum at a frequency       , and its value at that 

frequency is equal to 𝐻 . 
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Figure 30 – Band-pass filter, third amplification stage. 

The double-input OTA is shown in Figure 31. Both differential input signals are 

multiplied by the transconductance of the respective differential pair and summed to 

give the following small-signal output current: 

                (4.26) 

    and     in equation (4.26) are the transconductances of each differential pair, while 

   and    are the differential inputs equal to (       ) and (       ) respectively. 

In order to achieve the lowest possible noise, offset, and a maximum gain for a given 

current budget, the transistors in both differential pairs are biased in Weak Inversion 

while those in the current mirrors in Strong or Moderate Inversion [36]. 

Both single-input OTAs of Figure 30 are similar to the one in Figure 25. So small-signal 

output current is just the product of the input signal with the transconductance of the 

transistors in the differential pair. 

 

Figure 31 – Circuit diagram of the double-input OTA employed in the BPF stage. 
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Considering the three amplification stages in series (the two double-pair stages of 

section 4.1 plus the BPF stage), the transfer function of the whole amplification circuit 

is presented in equation (4.27). A simulated transfer function of the three stages in series 

is shown in Figure 33. 
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(4.27) 

4.2.1. Noise analysis 

The total noise PSD of the circuit of Figure 30 referred to its output    is calculated as 
follows. The output referred noise (thermal and flicker) currents of the double-pair OTA 

are: 
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    is the transconductance of transistors MiA and MiB of Figure 31, while (  )  is 

their gate area. In order to refer these noises to the output of the circuit   , equations 
(4.28) and (4.29) are multiplied by the squared absolute value of the parallel circuit 

between capacitor    and the OTA2. This is: 
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Input referred thermal and flicker noise voltages of both OTAs are calculated using 

equations (4.19) and (4.20) with the corresponding transconductances and transistors‟ area 

for each circuit. 

Considering all the previous noise contributions, the PSD of the total thermal and flicker 

noise voltages of the BPF circuit of Figure 30 referred to its output    are: 
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4.2.2. Final circuit design, transistor sizing and simulated results 

For the double-input OTA, biasing currents 𝐼      and 𝐼      were set at 200 nA and 50 
nA respectively. The selected transistor‟s sizes are listed in Table 5. The 

transconductances of the transistors of the two differential pairs are     ≈ 2.19 µS and 

    ≈ 0.62 µS respectively.  

Transistors W/L W (μm) L (μm) 
M1A, M1B 1 10 10 
M2A, M2B 0.5 10 20 
M3A, M3B 0.133 4 30 
M4A, M4B 0.133 4 30 
M5A, M5B 0.1 3 30 

Table 5 – Sizes of the transistors of the double-input OTA. 

The bias current for the two single-input OTAs were set at 100 nA and 75 nA 

respectively. The sizes of the transistors of each circuit are listed Table 6. Both 

transconductances are 𝐺  ≈ 0.92 µS and 𝐺   ≈ 0.87 µS. Capacitors    and    were 
fixed at 5 pF and 0.25 pF respectively and built within the ASIC. All parameters were 

chosen in order to achieve the desired transfer function of the BPF circuit while 

minimizing current consumption and noise contribution. 

The estimated gain of the BPF circuit at 134.2 kHz is: 

 𝐺       𝐺  ⁄       (4.33) 

Transistors W/L W (μm) L (μm)  Transistors W/L W (μm) L (μm) 
M1A, M1B 0.25 4 16  M1A, M1B 0.5 4 8 
M2A, M2B 0.25 4 16  M2A, M2B 1 16 16 
M3A, M3B 0.25 4 16  M3A, M3B 0.133 4 30 
M4A, M4B 0.133 4 30  M4A, M4B 0.25 4 16 

Table 6 – Sizes of the transistors of the two single-input OTAs. Left table: OTA 1. Right table: OTA 2. 

Figure 32 shows the simulated transfer function of the BPF stage, whereas Figure 33 

shows the simulated transfer function of the three amplification stages in series. Both 

graphics were obtained from transistor-level SPICE simulations. The simulated gain at 

134.2 kHz of the BPF stage and the whole reception circuit are:  

 𝐺        
𝐺         

 
(4.34) 
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Figure 32 – Simulated transfer function of the BPF stage. 

 

Figure 33 – Simulated transfer function of the three amplification stages in series. 

A transient SPICE simulation of the three stages together is shown in Figure 34. Several 

successive activation signals of 1 mV of amplitude are placed at the input    .     and 

    are the outputs of the first two stages, both differential signals, whereas     is the 
output of the BPF stage, which is a single-ended signal centered at 1.0 V. See the 

increase in the signal‟s amplitudes after each one of the stages.  
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Figure 34 – Simulated transient simulation of the first three amplification stages in series. 

All graphs were obtained from the simulation using the Typical Model for all the 

transistors. However, the circuit was designed to fulfill the specification also with the 

corner models (Worst Slow and Worst Power). 

4.2.3. Layout 

The layout of the BPF circuit is shown in Figure 35. The layout practices are similar to 

those described in section 4.1.3. 

 

Figure 35 – Band-pass filter stage layout. 
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4.3. Output buffer circuit 

A buffer circuit was included after the BPF stage and a dedicated PAD was wired to its 

output in order to characterize the amplification circuit, without degrading the detection 

process. The buffer circuit consists of a Miller amplifier connected in a follower 

configuration, as shown in Figure 36. Two dedicated PADs were used for the buffer‟s 

power supply and bias current. The buffer circuit is not described in detail because it is 

a circuit cell developed some time ago in the research group. 

 

Figure 36 – Buffer circuit configuration. 

4.4. Current consumption 

For the first double-pair amplification stage we have: 

- Main biasing current 𝐼     = 1.0 µA 

- Offset cancellation pair biasing current 𝐼      = 150 nA 

- Offset cancellation OTA total current consumption 𝐼    = 112.5 nA 

- 𝐼     and 𝐼      are derived from a PMOS current mirror with a consumption 

𝐼       = 100 nA 

Therefore, the total current consumption of the first double-pair amplification stage is 

𝐼    = 1.36 µA. 

For the second double-pair amplification stage we have: 

- Main biasing current 𝐼     = 0.3 µA 

- Offset cancellation pair biasing current 𝐼      = 100 nA 

- Offset cancellation OTA total current consumption 𝐼    = 112.5 nA 

- 𝐼     and 𝐼      are derived from a PMOS current mirror with a consumption 

𝐼       = 100 nA 

Therefore, the total current consumption of the second double-pair amplification stage is 

𝐼    = 0.61 µA. 

For the band-pass filter stage we have: 

- Double-input OTA current consumption 𝐼    = 0.5 µA 

- OTA1 current consumption 𝐼     = 0.2 µA 

- OTA2 current consumption       = 0.15 µA 

Therefore, the total current consumption of the BPF stage is 𝐼    = 0.85 µA. 

Taking into account all stages, the total current consumption of the reception circuit is 

𝐼      = 2.82 µA. 
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4.5. Estimated circuit specifications 

To summarize, estimated specifications of the whole reception circuit are listed in the 

Table 7; some of them were obtained from transistor-level SPICE simulations and 

others were derived trough analytic estimations. 

Bandwidth 22.5 kHz – 238 kHz 

Gain @ 134.2 kHz 420 

Current consumption 2.82 µA 

Input referred noise   40 µVRMS* 

Approximate area 0.15 mm2 

Table 7 – Estimated specification of the reception circuit. *This result is derived from the analysis in 

section 5.1.1, and it can be verified that it is basically dominated by the input thermal noise of the 

transistors of the first amplification stage. 
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5. Detection circuit 

In this chapter, the design of the detection circuit of Figure 16 is presented. Its task is 

first to demodulate the 134.2 kHz amplificated signals into digital pulses and then verify 

that the duration of the received pulses are within an acceptable range around 50 ms. If 

so, it means a correct activation signal was received and the transmission of the 

datagram is triggered. Detection circuit is made of two circuit blocks: a comparison 

stage and a pulse duration detection stage, both described in detail in the following 

sections. 

5.1. Comparison stage 

The objective of the comparison stage is to determine the presence of a signal in the coil 

antenna by transforming the AC signals coming from the amplification stages (Figure 

34) into digital signals. In the presence of an AC signal of a minimum given amplitude, 

the comparison stage output is a digital „1‟; otherwise the output is a digital „0‟. The 

circuit is not just a simple comparator since there is some amount of time hysteresis. In 

Figure 37, the proposed comparison circuit is presented. It is composed of two 

comparator circuits, an inverter and a capacitor. The negative input of the first 

comparator is connected to the amplified (common mode) signal from the BPF stage. 

The positive input of the first comparator is fixed to a small threshold voltage,    , 

which determines the presence/absence of an activation signal. This threshold voltage is 

set externally for test purposes, and it needs to be a bit higher than the maximum noise 

and offset levels at this point. The first comparator is designed so that it charges the 

capacitor    slowly, but discharges it quickly. The second comparator controls the 

output comparing the capacitor‟s voltage to a 1 V voltage reference,     . 

 

Figure 37 – Comparison stage of the reception circuit. 

For a better understanding of this stage, the comparison of an activation signal is 

depicted in Figure 38. Capacitor    is charged every time the signal coming from the 

previous stage is below the threshold voltage    . This charge is slow due to the first 

comparator‟s design. When a signal greater than     appears at the negative input of the 

first comparator, the capacitor    is quickly discharged. The voltage on   ,    ( ), is 

compared to a 1 V reference (    ) by the second comparator, whose output signal is 

inverted to give the stage‟s output   ( ).      is defined as the time it takes the output 
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   to go high after an activation signal appears, and       as the time the output 

remains high after the activation signal disappears. 

 
Figure 38 – Activation signal comparison process. a) Input signal compared to a threshold voltage, b) 

Capacitor‟s voltage compared to a 1 V voltage reference, c) Output of the second comparator already 

inverted. 

The schematic of both comparators of Figure 37 are presented in Figure 39 and Figure 

40. The first one has a PMOS differential input, while the second one a NMOS 

differential input to properly fit the necessary input common mode range. Both 

comparators are able to be turned off by an input signal in order to reduce the power 

consumption when the detection circuit is turned off. The input signal ON, which 

controls transistors M5A and M5B in both figures, is used to turn the comparators off 

taking the output to ground and disabling both circuits in spite of being powered.  

 

Figure 39 – Circuit diagram of the first comparator of the comparison stage. 
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Comparator 1 is designed to slowly charge capacitor    but to discharge it quickly. 

This effect is achieved by changing the transistor‟s size ratio of the PMOS current 

mirror of Figure 39, so that the current through transistor M4B is much higher than the 

current through M4C. 

 

Figure 40 – Circuit diagram of the second comparator of the comparison stage. 

5.1.1. Noise analysis 

The noise level at the negative input of the comparison stage needs to be calculated to 

determine the minimum threshold voltage at the positive input. First we have the noise 

contributions of the three amplification stages, which were calculated in the previous 

sections and now are referred to the point of interest. And then we have the noise 

generated by the first comparator of Figure 37 referred to its input. All these noise 

contributions are summed to give the PSD of the total noise voltage at the negative 

input of the comparison stage. The process is depicted in Figure 41. The resulting PSD 

follows: 
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(5.1) 

Finally, the RMS noise voltage can be estimated integrating equation (5.1) over the 

frequency rage of the signal at this point. 

From equations (4.12) and (4.24), the magnitude of the transfer functions of the second 

and third amplification stages are the following (   and    are not included in the 

second stage): 
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Figure 41 – Calculation of the PSD of the noise voltage at the negative input of the comparison stage. 
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After replacing the PSDs of flicker and thermal noise of equations (4.21), (4.22), (4.31), 

(4.32), (5.2) and (5.3) into equation (5.1) and integrating over the frequency range, the 

estimated RMS thermal and flicker noise voltages are: 
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(5.4) 

As expected, flicker noise is negligible in the frequency range of LF RFID in 

comparison to the thermal noise contribution. 

5.1.2. Offset analysis 

Offset analysis is based on the estimation of the voltage deviation at a certain point 

generated by possible fluctuations in the fabrication process parameters    (MOS 

transistor threshold voltage) and       
 (  ⁄ ). These two parameters are random 

variables normally distributed with deviations    
 and    that decrease with the 

transistor‟s size. The following mismatch models are considered [37]: 
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    (    )                       (    )             

   (    )                       (    )            

Considering the difference in the threshold voltages of two transistors as         

   , its variance is calculated as: 

    
      

      
      

  (5.6) 

The same consideration applies to the difference in the parameter   between two 

transistors. Being 𝐼  the current through the transistors of a differential pair, its variation 

due to differences in    and   between the transistors can be approximated by a small 
signal (Taylor) analysis as: 

 𝐼  
 𝐼 
   

     
 𝐼 
  

    
(5.7) 

Derivatives are obtained from the equation of the current by the MOS transistor in 

saturation region: 

 𝐼 
   

                    
 𝐼 
  

 
𝐼 
 

 
(5.8) 

In equation (5.8)    is the transconductance of the transistors of the differential pair. 

Taking equation (5.7) to the statistics domain, the variance of the current 𝐼  is: 
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(5.9) 

A similar analysis can be carried to a mirror current circuit, and the result is the same as 

in equation (5.9).  

In the circuit of this project, the offset generated by the amplification stages is cancelled 

in the BPF stage; therefore, the offset at the negative input of the comparison stage is 

basically the input offset voltage generated by the first comparator plus the output offset 

of the BPF. 

In the case of the comparator, for each pair of transistors (M1A and M1B, M2A and 

M2B) there is a difference between their currents with a variance that obeys equation 

(5.9). These differences can be referred to the comparator‟s input dividing them by the 

square of the transconductance of the transistors in the differential pair    . Summing 

both contributions we have the following expression for the variance of the input 

referred offset voltage of the comparator: 
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(5.10) 

On the other hand, the output offset of the BPF is essentially the input offset of the 

OTA1 in Figure 30. The analysis is similar, resulting the following expression for the 

variance of the input referred offset voltage of the OTA1:  
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In equation (5.12)    ,     
 and      ⁄  are the parameters of the corresponding Mi pair 

of transistors within the OTA1. After evaluating and summing quadratically the 

expressions in (5.10) and (5.11), the total deviation of the input offset voltage at the 

negative input of the first comparator is estimated in: 

     
         (5.12) 

Note that this value is much smaller than the estimated noise voltage at the same point 

[equation (5.4)]; hence, offset inaccuracy turns out to be hidden under thermal noise. 

Therefore, the threshold detection voltage     needs to be at least higher than the RMS 
thermal noise voltage (17.5 mVRMS) to guarantee the proper detection of the activation 

signal by the comparison stage. If we divide this value by the simulated gain of the 

amplification stage (G ≈ 420 at 134.2 kHz) we obtain the minimum amplitude of the 

activation signal detectable by the device: 

              
(5.13) 

5.1.3. Final circuit design, transistor sizing and simulated results 

Capacitor    was fixed at 0.22 nF; it was not included within the chip because of its big 
size. Both comparators were designed with the lowest possible current consumption. 

Biasing currents were set at 50 nA and 25 nA for the comparator 1 and comparator 2 

respectively. The sizes of the transistors of both circuits are listed in Table 8 

Transistors W/L W (μm) L (μm)  Transistors W/L W (μm) L (μm) 

M1A, M1B 30 60 2  M1A, M1B 15 30 2 

M2A, M2B 2.5 20 8  M2A, M2B 15 30 2 

M3 2.5 5 2  M3 15 30 2 

M4A 2 20 10  M4A 2 20 10 

M4B 16 160 10  M4B 2 20 10 

M4C 0.5 20 40  M4C 2 20 10 

M5A, M5B 3 12 4  M5A, M5B 3 12 4 

Table 8 – Sizes of the transistors of the two comparators. Left table: comparator 1. Right table: 

comparator 2. 

A transistor-level SPICE simulation of this stage is shown in Figure 42, where the input 

signal     against    , the voltage of    against      and the output voltage    are 

shown. From the simulation,      and       were estimated in 25 µs and 24 µs 
respectively. 
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Figure 42 – Comparison stage simulation. 

5.1.4. Layout 

The layout of the comparison stage is shown in Figure 43. The layout practices are 

similar to those described in section 4.1.3. 

 
Figure 43 – Comparison stage layout.  

5.2. Pulse duration detection circuit 

The pulse duration detection circuit is shown in Figure 44. It measures the pulse 

duration of the digital signal from the comparison stage [  ( ) in Figure 38 - c)]. The 
circuit changes its output state if the pulse duration is near 50 ms, indicating the 

microcontroller that a correct activation signal was received. In case a shorter or longer 

signal is presented, it maintains its previous output state. This block is essentially an 

asynchronous analog circuit to minimize power consumption and circuit area, but it 

should be noted that it can be substituted in the future by a digital circuit block. A study 
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on power consumption was not carried out; a digital circuit for the task may consume 

also a very little power if a low frequency clock is available. 

The signal coming from the comparison stage is first inverted and then used to charge a 

capacitor    through a pull-up/pull-down circuit using two MOS transistors, a resistor 

   and a current source 𝐼 . Capacitor    is charged slowly and rapidly discharged by 

selecting the desired values of    and 𝐼 . The voltage on    is then compared to two 

different voltage references,       and       to determine the range in which the 

duration of the pulse is located. Assuming that the pulse duration acceptable range is 

[50 - δ,50 + δ] ms, hence knowing the values of    and 𝐼  it is possible to select the 

voltage references      and      so that if    is charged to a voltage between them, 
the charging time interval is within the acceptable range, and so does the pulse duration 

of the input signal. The output of the comparators are the inputs of a logic circuit made 

of a D flip-flop, a XOR logic gate and an inverter, which changes its output state every 

time a discharge on    occurs, provided that activates only the first comparator.  

 

Figure 44 – Activation signal detection circuit for the digital signal coming from the comparison stage. 

Figure 45 depicts the detection process for an activation signal of three different pulse 

durations. First, a signal with pulse duration lower than 50 ms is received; in this case 

   is charged to a voltage lower than      , so none of the comparators is triggered and 
the state of the output remains unchanged. Then, a valid 50-ms activation signal is 

received, so the state of   ( ) does change given that    is charged to a voltage 

between      and      . Finally, where    is charged to a voltage higher that      , 
both comparators are triggered, so the state of the output does not change. 

 

Figure 45 - Activation signal detection process. Three activation signals with pulse durations of less than 

50 ms, approximately 50 ms and more than 50 ms. 
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5.2.1. Final circuit design, transistor sizing and simulated results 

In order to achieve the behavior depicted in Figure 45, the capacitor    was fixed at 

0.22 nF,    at 100 Ω and 𝐼  equal to 5 nA. Those parameters were selected trying to 

minimize the current consumption.    was not included within the ASIC due to its size 
and for test purposes. Both comparators are the same as the one of Figure 40 (sizes 

listed in the right part of Table 8). All the digital circuitry of Figure 44 was designed 

using standard cells provided by the foundry, which are optimized in order to minimize 

consumption and area. 

Figure 46 shows a transistor-level SPICE simulation of the detection process explained 

in Figure 45. Again, three activation signals of different duration are used. Effectively, 

the circuit changes its output state only for the activation signal with the right duration. 

 

Figure 46 – Detection circuit simulation. Three activation signals with pulse durations of less than 50 ms, 

approximately 50 ms and more than 50 ms. 

5.2.2. Layout 

The layout of the detection circuit is shown in Figure 47. Digital circuits can be 

differentiated in the layout from the usual analog blocks. The layout practices are 

similar to those described in section 4.1.3. 
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Figure 47 – Detection circuit layout. 

5.3. Current consumption 

For the comparison stage we have: 

- First comparator current consumption 𝐼   = 0.46 µA 

- Second comparator current consumption 𝐼   = 0.05 µA 

Therefore, the total current consumption of the comparison stage (when comparators are 

turned on) is 𝐼     = 0.51 µA. 

In the case of the pulse duration detection stage, only the current consumption of the 

two comparators is going to be considered, since the rest of the elements only consume 

current during the time an activation signal is present, which is a transient condition. 

Thus: 

- First comparator current consumption 𝐼   = 0.05 µA 

- Second comparator current consumption 𝐼  = 0.05 µA 

Therefore, the total current consumption of the pulse duration detection stage (when 

comparators are turned on) is 𝐼          = 0.10 µA. 

Taking into account both stages, the total current consumption of the detection circuit is 

𝐼    = 0.61 µA. 
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5.4. Estimated circuit specifications 

To summarize, estimated specifications of the whole detection circuit are listed in the 

Table 9; some of them were obtained from transistor-level SPICE simulations and 

others were derived trough analytic estimations. 

Detection precision > 17.5 mV 

Pulse duration acceptable 
range 

40 ms – 65 ms 

     25 µs 

      24 µs 

Current consumption 0.61 µA 

Area 0.05 mm2 

Table 9 – Estimated specification of the detection circuit. 
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6. Transmission circuit 

The scheme for the transmission of the Tag‟s code to the reader unit is shown in Figure 

48. The coil driver is just an H-bridge controlled by a small digital circuit within the 

chip, which in turn is actuated by the microcontroller. It uses the same Tag‟s antenna 

and decoupling capacitors of the reception circuit, which were selected to make the 

circuit resonate near the RFID transmission frequencies 124.2 kHz and 134.2 kHz. 

The H-bridge employed is shown in Figure 49. Tag‟s antenna is connected to      

through the decoupling capacitors. The output      changes its state depending on the 

transistors‟ gate voltages, varying between a positive voltage near    , a negative 

voltage near     , cero volts and high-impedance. The digital control circuit for the H-
bridge is presented Figure 50, whose outputs are connected to the transistors‟ gates of 

Figure 49. The state of      is determined with two input bits, NA and NB. All possible 

states are listed in Table 10, with exception of those which produce a low-resistive path 

between the supply voltage and ground. In case CTRL bit is set to high,      is set to 
high-impedance, no matter which NA and NB states are.  

NA NB GM1 GM2 GM3 GM4 vout 

1 0 0 1 0 1 > 0 

0 1 1 0 1 0 < 0 

0 0 1 1 1 1 = 0 

1 1 0 0 1 1 High Z 

Table 10 – H-bridge output voltage states (in all cases CTRL bit is set to low). 

The microcontroller takes the Tag‟s code from memory and transmits it changing the 

value of bits NA and NB so that      alternates between a positive voltage near     

and a negative voltage near      with a frequency of 134.2 kHz or 124.2 kHz, whether 
a digital „0‟ or a digital „1‟ is being transmitted, respectively. 

 

Figure 48 – Transmission circuit scheme. 
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Figure 49 – Transmission H-bridge. 

 

Figure 50 – H-bridge control digital circuit. 

Transistors in Figure 49 were designed big enough to have minimum resistance and 

guarantee and efficient transmission. Their sizes are listed in Table 11.  

Transistors W/L W (μm) L (μm) 
M1, M2 200 120 0.6 
M3, M4 400 240 0.6 

Table 11 – Sizes of the transistors of the H-bridge circuit. 

6.1. Layout 

The layout of the H-bridge circuit is shown in Figure 51. In the right bottom corner 

there is located the control digital circuit of the H-bridge of Figure 50; the rest 

corresponds to the four transistors of the Figure 49. The layout practices are similar to 

those described in section 4.1.3. 
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Figure 51 – H-bridge circuit layout. 

6.2. Current consumption 

Figure 52 shows the simulation of a code transmission through the H-bridge circuit 

including the decoupling capacitors and the coil antenna connected is series at the H-

bridge output     . The circuit alternates between the states of the first two rows of 

Table 10. The first graph is the voltage at     , whereas the second graph is the current 
taken from the voltage source. With a supply voltage of 3.0 V, the RMS current 

consumption during a transmission was estimated in 650 µARMS. However, given the 

fact that the code transmission takes place sporadically (for example once a day or even 

less), its current consumption is negligible if we consider the lifetime of the Tag. 

 

Figure 52 – Transmission circuit simulation. 
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7. Experimental results 

In this chapter, all the experimental measurements performed over the whole prototype 

of the Tag are presented. The complete device, also described in this section, includes 

the designed microchip and other discrete components as well. 

7.1. Prototype of a Tag 

The prototype was built over a Printed Circuit Board (PCB), which was designed using 

the CAD software Eagle. Figure 53 shows a photograph of the Tag prototype. A circuit 

diagram of the complete prototype is shown in Figure 54. The discrete components 

employed are listed in Table 12. The circuit can be power with a 3 to 9 V voltage 

supply. A voltage reference ISL21080 is used to fix the 3.0 V supply voltage for the 

developed ASIC and the microcontroller. Two voltage regulators LM317M in 

conjunction with two potentiometers (TRIM1 and TRIM2) and two resistors are used to 

fix the two voltage references required for the chip at 1.0 V and 1.8 V. Another 

potentiometer (TRIM3) and two resistors are used to set the threshold voltage for the 

detection circuit within the chip. It can be modified in order to find the minimum 

threshold above the noise level at the input of the comparison stage. Jumpers JP1 and 

JP2 turn on/off the comparators within the chip, setting inputs CS_DET and 

CS_RECEP to     or ground 

The ASIC has two outputs (see in list of Table 2), one directly from the output of the 

comparison stage (OUT_COMP) and the other from the output of the pulse duration 

detection stage (OUT). This gives the microcontroller two possibilities for the detection 

of the activation signal: one option is to measure the duration of the demodulated 

activation signal at OUT_COMP and reply only if the pulses have the correct duration 

(near 50 ms); the other possibility is to monitor the output OUT and reply every time 

there is a change on its state. Two different firmwares were programmed in the 

microcontroller, each one carrying out one of the possibilities, and their performances 

where compared. 

The control of the transmission H-bridge circuit is done by the microcontroller through 

bits RC0:RC2. Transmission is enabled setting CTRLH to zero after a correct activation 

signal is detected, and the Tag‟s code is transmitted through bits NA and NB within one 

millisecond, changing the states of outputs VIN+ and VIN- by the H-bridge circuit. 

The biasing current required for the chip to operate is 25 nA. This current was set 

externally by an Agilent U2722A Source Measure Unit (SMU) [38]. 
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Figure 53 – Photograph of the designed prototype of and RFID Tag including the fabricated ASIC. 

 

Figure 54 – Circuit diagram of the complete prototype. 
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Component Model Manufacturer 

Microcontroller PIC16F886 Microchip 

ASIC socket  CLCC84 3M 

3V voltage reference ISL21080 Intersil 

Voltage regulators LM317M Texas Instruments 

Potentiometer SM-42 Copal Electronics 

Light touch switch EVQQ2 Panasonic 

LED LTST-C990KAKT Lite-On Electronics 

Several capacitors SMD 0805 - 

Several resistors SMD 0805 - 

Table 12 – List of the discrete components used in the Tag prototype. 

7.2. Measurements results 

In this section, several measurements over the whole circuit are presented. In Figure 55, 

a code reading process using a standard RFID reader unit [22] is shown. The first graph 

corresponds to the 50-ms and 134.2 kHz activation signal measured at the terminals of 

an auxiliary coil within the electromagnetic filed created by the reader. The second 

graph is the demodulated activation signal measured at the output of the comparison 

stage OUT_COMP. The third signal is obtained from the output of the pulse duration 

detection stage OUT; note how it changes its state after the reception of the 50-ms 

pulse. Finally, the fourth graph is the Tag‟s response measured at the H-bridge control 

signal NA; transmission starts approximately 1.5 ms after OUT signal changes its state. 

Since the same antenna is used for the reception and the transmission processes, the 

Tag‟s response is also demodulated and present at OUT_COMP; however, it does not 

produce a change in the state of OUT since its duration is much smaller than 50 ms. 

 

Figure 55 – Tag prototype being read by a reader unit. 
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Figure 56 shows the same reading process, but in this case the graph is zoomed in the 

final portion of the activation signal. Note how the Tag‟s response starts within 1 and 2 

ms after the decay of the activation signal, as required in the ISO 11785 standard. 

 

Figure 56 – Tag‟s response within 1 and 2 ms after the decay of the activation signal. 

In Figure 57, just the activation signal and its demodulated version are shown during the 

activation of the Tag, and the time      it takes the reception circuit to detect the 
activation signal is evidenced. Its value is really close to the estimated 25 µs of section 

5.1.3. Successive measurements showed that      varies between 20 and 40 µs. 

 

Figure 57 – Activation signal detection time     . 

The time       it takes the reception circuit to detect the completion of an activation 
signal is shown in Figure 58. Note that OUT_COMP signal goes low approximately 300 

ms after the decay in the activation field. This time is quite bigger than the simulated 

estimation of section 5.1.3. Besides, successive measurements showed variations in this 

time period, going from 200 to 500 ms. 
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Figure 58 – Time after the completion of the activation signal      . 

Figure 59 shows how the reader unit detects successive HDX RFID datagrams sent by 

the Tag prototype. The first two graphs are measured from the Tag circuit, and 

correspond to the signals OUT_COMP and NA. The other two signals are measured at 

two internal points of the reader unit: the third one corresponds to a demodulated digital 

version of the Tag‟s response signal, while the last one is an internal signal which goes 

high once a valid header is received, and maintains its state until the whole code is 

received. Note how the header is correctly detected in each datagram transmission. 

 

Figure 59 – Successive readings of the Tag‟s code. 

The demodulated digital version of the Tag‟s response is shown in more detail in the 

fourth graph of Figure 60 during a code reading process, together with signals 

OUT_COMP, OUT and NA. 
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Figure 60 – Tag prototype being read by a reader unit. 

Figure 61 shows how the pulse duration detection stage of Figure 44 notices the 

presence of a successive 50-ms activation signals. The first graph corresponds to the 

signal measured from the output of the comparison stage OUT_COMP, whereas the 

second graph is the output voltage of the detection circuit OUT. The output effectively 

changes its state after the presence of an activation signal of 50 ms of duration. 

 

Figure 61 – Detection of an activation signal. 
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Figure 62 – Transmission of a RFID code through the H-bridge of the chip. 

Due to a mistake in the routing process of the circuit layout, the source node of the 

buffer circuit of section 4.3 was not correctly connected to its respective PAD. As a 

result, the output of the reception circuit is not available for external measurements; 

hence, two main aspects of the circuit could not be characterized: the reception circuit 

transfer function and the noise at the output of the reception circuit. At the present is no 

possible to include these results in this work; however, arrangements are made with 

INTI – Argentina [39] in order to obtain their help with a rework facility on integrated 

circuits to fix the very simple routing problem and finish the characterization of the 

amplification stage. 

As a main result, the device was able to detect the presence of the activation field up to 

approximately 4 meters of distance from the reader, depending on the orientation of the 

antennas. The limitation is now given by the transmission power, where even though the 

reading distance of a usual passive Tag was enlarged with a self-supply source, it is 

believed that further distances could be achieved with a study in deep of the 

transmission circuit. 

7.3. Current consumption / Battery life 
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Tag would be operative for more than 5 years with a low cost lithium battery of 250 mA 

of capacity. This time is long enough for the identification of beef cattle during its 

whole life (between 3 and 4 years). The battery lifetime can be further extended for 

example if the input amplifier is turned on/off at certain time windows (for example 100 

ms on – 200 ms off) but this strategy may result in a slower Tag response. 

7.4. Total layout 

The layout of the whole circuit is show in Figure 63, including all the stages previously 

presented, altogether. Figure 64 shows a photograph of the designed ASIC, zoomed in 

the same area as Figure 63. 

 
Figure 63 – Whole circuit layout. 

 

Figure 64 – DIE photograph. 
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The total DIE area was sheared with other projects. The left upper corner was occupied 

by the circuit of this project, as shown in Figure 65, which is also compared to a 

photograph of the ASIC of the same corner in Figure 66. Standard analog and digital 

PADs provided by the foundry were used. 

 

Figure 65 – Left upper corner of the whole chip layout. 

 

Figure 66 – Photo of the left upper corner of the fabricated circuit. 
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The layout of the whole circuit is shown in Figure 67, whereas a photograph of the 

fabricated ASIC is presented in Figure 68. 

 

Figure 67 – Whole circuit layout including several projects. 
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Figure 68 – Whole DIE photograph. 
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8. Conclusions 

A prototype of an active RFID Tag used for animal identification within the beef 

industry was designed, implemented and tested. It communicates with the reader unit 

via ISO 11784/11785 HDX protocol. The analog circuitry for the Tag was integrated in 

a designed microchip with a 0.6 µm technology. The focus of this work was on the 

reception circuit, which was designed to be able to detect very small signals with low 

current consumption, allowing the excitation of the Tag from large distances.  

With the use of a battery to power the Tag, the response is triggered even if the 

activation signal arrives with a few microvolts to the input of the reception circuit, 

unlike a passive Tag in which a few volts are necessary in order to provide the energy to 

the Tag to operate. 

The prototype was able to detect the activation signal at up to 4 meters. On the other 

hand, the Tag‟s code was correctly received by the reader at up to 30 cm. This distance 

is similar to the distances usually achieved with passive devices; however, a detailed 

study of the Tag‟s transmission circuit in conjunction with the reception circuit of the 

reader would be necessary to further increase the reading distance.  

The specifications of the designed integrated circuit are listed in Table 13. Some of 

them were obtained from experimental measurements and the rest were estimated from 

analytic estimations or transistor level SPICE simulations. 

Detection threshold 40 µV 

Amplification stage bandwidth 22.5 kHz – 238 kHz 

Pulse duration valid range 40 ms – 65 ms 

Activation signal detection 
distance 

  4 m 

Transmission distance   30 cm 

Current consumption 3.2 µA 

Total die area 0.4 mm2 

Table 13 – General specifications of the whole circuit. 

For future work, first of all it is necessary to complete the characterization of the 

reception circuit after fixing the layout problem and so being able to measure the output 

of the amplification stage (obtaining the transfer function and noise response of the 

amplification stage).  

The next step to fully exploit the capabilities of a battery within the Tag is to study the 

transmission circuit in detail. This includes not only the driver circuit but also the study 

of different topologies for the antenna. Also, in this case the design effort will be on the 

reading devices. 
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Annex A – Current source circuit 

The current mirror of Figure 69 was used to bias all circuits within the chip. It copies a 

multiple of the input current 𝐼     to each output depending on the relation between the 
aspect ratio (W/L) of the corresponding output transistor and the input transistor M1. 

Input current was set 𝐼     at 25 nA. The sizes for all the transistors of the circuit are 

listed in Table 14. 

 

Figure 69 – Current source circuit. 

Transistor W (μm) L (μm) Description Current (nA) 

M1 50 15 Biasing input current 25 

M2 200 15 First double-pair amplifier 𝐼      100 

M3 100 15 First double-pair amplifier 𝐼      50 

M4 200 15 Second double-pair amplifier 𝐼      100 

M5 100 15 Second double-pair amplifier 𝐼      50 

M6 400 15 BPF double-input OTA 𝐼      200 

M7 100 15 BPF double-input OTA 𝐼      50 

M8 200 15 BPF OTA1 𝐼     100 

M9 150 15 BPF OTA2 𝐼     75 

M10 100 15 Comparison stage comparator 1 𝐼     50 

M11 50 15 Comparison stage comparator 2 𝐼     25 

M12 50 15 Detection circuit comparator 1 𝐼     25 

M13 50 15 Detection circuit comparator 2 𝐼     25 

M14 10 15 Detection circuit 𝐼  5 

M15 50 15 Copying transistor 25 

M16 50 15 Copying transistor 25 

Table 14 – Sizes of the transistors of the current source circuit. 

Current consumption 

The total current consumption of the current source circuit equals the sum of the input 

current 𝐼     and the current consumed by the PMOS current mirror in Figure 32. This 

represents a consumption 𝐼       = 0.125 µA. 

IBIAS

I1
D

P
1

M2M1 M3 M4 M5 M6 M7 M8 M9 M10 M15

M16 M11 M12 M13

I2
D

P
1

I1
D

P
2

I2
D

P
2

B
P

F
I1

B
P

F
I2

B
P

F
3
I

B
P

F
I4

C
M

P
C

1

C
M

P
C

2

D
E

T
C

1

D
E

T
C

2

M14

D
E

T
IC



Low-frequency RFID active devices for applications in the agribusiness industry 

Universidad Católica del Uruguay - Faculty of Engineering and Technology. Guillermo Costa  77 

Layout 

The layout of the current source circuit is presented in Figure 70. The whole circuit is 

shown in the upper part of the figure. The layout practices are similar to those described 

in section 4.1.3. 

 
Figure 70 – Current source circuit layout. 
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Annex B – Digital processing circuit 

A digital circuit capable of performing all the digital processing involved in a RFID Tag 

was designed using Synopsys tools. The circuit was developed as part of an “Advanced 

Digital Design” course including modules dictated by Ing. Victor Grimbltt (Synopsys – 

Chile), Dr. Alfonso Chacon (TEC – Costa Rica) and Dr. Alfredo Arnaud either at the 

EAMTA (Escuela Argentina de Microelectrónica, Tecnología y Aplicaciones) or at 

Universidad Católica del Uruguay. Because of this reason this circuit is not included as 

a full part of the thesis work. 

The logic behavior was programed in Verilog. The program consists of a finite state 

machine which takes the signal from the comparison stage of the reception circuit and 

performs the following actions: 

- Determine the duration of the digital pulse to evaluate if a correct activation 

signal have been received 

- Respond with the HDX datagram FSK modulated through the transmission 

circuit 

Besides, the digital circuit can overwrite its unique animal code stored in memory by a 

given writing protocol explained below. The input and outputs of the digital circuit are: 

- in_signal signal from the comparison stage of the reception circuit 

- clk  clock signal 

- rst_n  reset signal 

- prog_en programming enable 

- prog_in programing data 

- out_signal signal FSK modulated to the transmission circuit 

The circuit was designed, simulated and implemented up to the transistors-level layout. 

The main results from the software reports are: 

- Consumption (@ 0.7 V): 

o Dynamic = 230.90 nW 

o Static = 28.47 µW 

o Total consumption = 28.70 µW 

- Area: 

o Total module area = 9154.25 µm
2
 

o Total area = 9743.79 µm
2
 

- Cells: 

o Number of digital cells = 597 

A detailed explanation of the designed digital circuit can be found in Error! Reference 

source not found., including the programmed logic behavior in Verilog, the description 

of circuit simulations and the final layout.  
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